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Surface magneto plasmons and their applications 
in the infrared frequencies

Abstract: Due to their promising properties, surface mag-

neto plasmons have attracted great interests in the field of 

plasmonics recently. Apart from flexible modulation of the 

plasmonic properties by an external magnetic field, sur-

face magneto plasmons also promise nonreciprocal effect 

and multi-bands of propagation, which can be applied into 

the design of integrated plasmonic devices for biosensing 

and telecommunication applications. In the visible fre-

quencies, because it demands extremely strong magnetic 

fields for the manipulation of metallic plasmonic mate-

rials, nano-devices consisting of metals and magnetic 

materials based on surface magneto plasmon are difficult 

to be realized due to the challenges in device fabrication 

and high losses. In the infrared frequencies, highly-doped 

semiconductors can replace metals, owning to the lower 

incident wave frequencies and lower plasma frequencies. 

The required magnetic field is also low, which makes the 

tunable devices based on surface magneto plasmons more 

practically to be realized. Furthermore, a promising 2D 

material-graphene shows great potential in infrared mag-

netic plasmonics. In this paper, we review the magneto 

plasmonics in the infrared frequencies with a focus on 

device designs and applications. We investigate surface 

magneto plasmons propagating in different structures, 

including plane surface structures and slot waveguides. 

Based on the fundamental investigation and theoretical 

studies, we illustrate various magneto plasmonic micro/

nano devices in the infrared, such as tunable waveguides, 

filters, and beam-splitters. Novel plasmonic devices such 

as one-way waveguides and broad-band waveguides are 

also introduced.
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1  Introduction

Surface Plasmons (SPs) are electromagnetic waves that are 

confined on and propagate along the interface between a 

dielectric and a conductor, usually a metal. Because their 

confining property could break the diffraction limit, SPs 

are widely applied in the fields from photonic devices, 

imaging, and data storage to solar cells, and biosensing 

in recent years, which leads to a new branch of photon-

ics – plasmonics [1–4]. In recent years, in order to realize 

tunable ultra-miniaturized circuits, many efforts have 

been made to achieve active plasmonic devices based on 

thermo-optic, electric-optic and nonlinear optical effects 

[5–7]. Compared with these tuning mechanisms, which 

are operated by changing the permittivity of the dielectric, 

a magnetic field is able to modulate the SPs by changing 

the permittivity of the conductor.

SPs are caused by the interaction of the incident 

electromagnetic (EM) waves and the free electrons of the 

conductor. In the interaction, the free electrons respond 

collectively by oscillating resonantly with the incident EM 

waves. The resonant oscillation is characterized by a char-

acteristic frequency – the plasma frequency ω
p
, which sets 

the scale of the free electrons response to time-varying 

perturbations [8]. Since SPs rely on the motion of the free 

electrons, it can be imagined that an external magnetic 

field may influence the SPs properties, due to the Lorentz 

force altering the response of carriers to frequency per-

turbations. In this situation, another characteristic fre-

quency called cyclotron frequency ω
c
 appears, which is 

© 2015 Science Wise Publishing & De Gruyter
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proportional to the strength of the applied magnetic field 

B [9]. One of the important consequences of magnetizing 

the plasmons is that the polarizability becomes highly 

anisotropic (the permittivity of the conductor ε
c
 becomes a 

tensor), which is expressed as
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where ω is the angular frequency of the incident wave, ε
∞

 

and ε
0
 are the high-frequency permittivity and vacuum 

permittivity, respectively. υ is the collision frequency of 

free electrons. Therefore, SPs may become very differ-

ent when they are subject to an external magnetic field, 

usually called surface magneto plasmons (SMPs) [10].

According to the relationship of the three directions 

– the orientation of applied magnetic field B, the propaga-

tion of the surface wave k, and the surface, SMPs can be 

divided in three principal configurations: perpendicular 

geometry (B perpendicular to the surface and k), Faraday 

geometry (B parallel to the surface and k), and Voigt 

geometry (B parallel to the surface and perpendicular to 

k), as shown in Figure 1. Compared with traditional SPs, 

SMPs have some unique properties. For example, SMPs 

in perpendicular and Faraday geometries can support 

pseudo-surface waves, which attenuate on only one side 

of the surface, while on the other side, they propagate 

(SPs attenuate on both sides) [11, 12]. As for Voigt geom-

etry, SMPs in this configuration have two exclusive and 

intriguing peculiarities. The first one is the two propagat-

ing bands. For traditional SPs, they are always supported 

in one propagating frequency band below the plasma fre-

quency of the conductor [8]. However, when an external 

magnetic field is applied, a higher SPs band appears above 

the conductor plasma frequency, and both the higher and 

lower SPs bands can be tuned by the magnetic field. The 

second unique property is the nonreciprocal effect. When 

A

B

C

Figure 1: Surface Magneto Plasmons propagating on a conductor 

surface. (A) Faraday geometry. (B) Voigt geometry. (C) Perpendicular 

geometry.

the magnetic field is applied in the Voigt configuration, 

the dispersions of the SMP propagating in two opposite 

directions are different, which results in that the two SMP 

waves have various cutoff frequencies.

The researches on SMPs in different structures 

began many years ago. The basic theories of SMPs on 

a conductor surface in the perpendicular and Faraday 

configurations were presented by Brion et  al. [11] and 

Wallis et al. [12] in 1974, respectively. In 1987, Kushwaha 

gave the theoretical study of SMP modes of a thin film 

in the Faraday configurations [13]. The pioneer work of 

SMPs in the Voigt configuration was implemented by 

Chiu et al. [14] and Brion et al. [15] as early as 1972, sep-

arately. Then in the same year, De Wames and cowork-

ers studied the dispersion relation of SMPs in the Voigt 

configuration of a thin film [16]. In the following years, 

many theoretical works about SMP properties were 

proposed considering the holes [17], optical phonons 

[18–20], diffuse electron density profiles [21], and metal 

screen [22]. They were also studied both theoretically 

and experimentally in various structures [23–34]. In 

2001, Kushwaha gave a review of SMP researches until 

then [35].
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In recent years, due to the extraordinary optical 

transmission through periodic holds in nanometer scale, 

which is found in 1998 [36], numerous plasmonic devices, 

made of metals, have been theoretically proposed and 

experimentally realized in the visible frequencies. Com-

pared with traditional studies on SPs before 2000 [37–46], 

these structures were mostly focused on subwavelength 

confinement and manipulation of electromagnetic waves 

[3]. For example, in the slot waveguide structure [47] (also 

called the metal-insulator-metal structure [48]), light can 

be confined in the lateral dimension as small as ∼0.1 λ. 

Based on these works, some SMP devices, which are also 

consisted of metals, were proposed [49–54]. However, 

all of these SMP structures are hard to realize in labora-

tories because the required magnetic field is too strong 

to realize. According to Eq. (1–4), in order to observe 

the effect of the external magnetic field, it requires that 

ω
p
, ω

c
 and the incident angular frequency ω should be 

comparable. However, for a metal in the visible frequen-

cies, ω
p
 and ω are usually in the order of ∼1016 and ∼1015 

Hz, respectively. Therefore, it needs a magnetic field 

as strong as ∼103 Tesla, although the largest achiev-

able magnetic field in the laboratory is ∼102 Tesla. So 

far, there are two main ways to solve this problem. The 

first one is using composite materials, including metals 

and ferromagnetic materials, such as Ni and Co [55–62]. 

Using this method, due to the strong magnetization of 

the ferromagnetic materials, the applied magnetic field 

can be as weak as several ∼mT. Recently, a review article 

is presented for the SMPs in composite magnetic materi-

als [63]. However, it introduces large loss and the nonre-

ciprocal effect and the two propagating bands are rarely 

observed. Another solution is decreasing both ω
p
 and ω

c
, 

i.e., using semiconductors instead of metals. Through 

doping in a semiconductor, ω
p
 can be as low as ∼1013 Hz. 

In consequence, the required external magnetic field 

is  < 2 Tesla. However, this is only valid in the infrared 

(IR) regime.

In this article, we will focus on recent works about IR 

SMPs, especially the Voigt geometry, using semiconduc-

tors in some structures, i.e., periodic grating and sub-

wavelength slot waveguides, and their applications in 

SMP devices design. In Section 2, we will give the propaga-

tion of IR SMPs on a semiconductor surface. In Section 3, 

we will introduce SMPs propagating in subwavelength 

slot waveguides (semiconductor-insulator-semiconductor 

(SIS) structure) and its applications. Some intriguing plas-

monic devices based on these structures will be presented, 

including one-way waveguides and broadly tunable THz 

slow light waveguides. In Section 4, a new semiconduc-

tor material-graphene applied in IR SMPs is introduced. In 

Section 5, we will give the conclusion.

2   Surface magneto plasmons on a 

semiconductor surface

SMPs propagating on a semiconductor plane surface was 

first investigated. The first theory of SMPs on a semicon-

ductor plane surface in the Voigt configuration was pre-

sented by Chiu et  al. [14]. From the Maxwell equations, 

they gave the dispersion relation of the SMPs as

 

ε
ε ε ε ε εβ β β

ε
+ + =

2 2 2 2

0 0
- - 0,xz

V Vd d d

xx

k k i

 (5)

where β is the wave vector of SMPs, k
0
 is the wave vector in 

vacuum, ε
d
 is the permittivity of the dielectric, c is the light 

velocity in vacuum. ε
V
 = ε

xx
+ε

xz
2/ε

xx
 is the Voigt di electric 

constant, which can be considered as the bulk dielectric 

constant. It can be clearly seen from Eq. (5) that this dis-

persion is nonreciprocal with respect to the direction of 

propagation, i.e., the positive and negative values of the 

wave vector β are not equivalent. The numerical solution 

of Eq. (5) for n-doped InSb was given by Brion et al. in the 

same year. They found both the nonreciprocal effect and 

the two propagating bands as shown in Figure 2A.

As shown in the dispersion equation, the nonrecip-

rocal effect and two propagating bands is immediately 

observed. For β > 0, the lower curve starts from the origin, 

and terminates when it reaches the dispersion curve of 

the bulk magneto plasmons (the line marked as α = sqrt(β-

ε
V
ω2/c2) = 0). The higher branch starts from the line of 

ε
xx

 = 0, and approaches the asymptotic frequency for the 

non-retarded magneto plasmons defined by ε
d
+ε

xx
-iε

xz
 = 0. 

However, for β < 0, the lower band starting from the origin 

to the asymptotic value defined by ε
d
+ε

xx
+iε

xz
 = 0. The higher 

band starts at the light line ε
xx

 = 1, and cutoff when it meets 

the higher bulk magneto plasmon curve α = 0. They also 

gave an explanation of why the higher band appears. As 

shown in Figure 2B, there are two regions corresponding 

with ε
V
 < 0 when ω

c
 = 0.5 ω

p
. Because SMPs can only propa-

gate on the surface of a material with negative permittivity, 

SMPs have two propagating bands on a plane surface.

Although the novel effect of SMPs on a plane surface 

was discovered several decades ago, plasmonic IR devices 

based on SMPs were only proposed in recent years after 

the boom of plasmonics. In 2010, Lan et al. developed a 

long-range SMPs waveguide consists of an InSb film with 

the Voigt geometry [64]. The nonreciprocal effects, similar 

to that of SMPs on a plane surface, can be found in the 

waveguide, as shown in Figure 3. When the magnetic field 

is not applied, the mode profile is symmetric with the film. 

However, when the magnetic field B is applied, the field 

distribution becomes asymmetric, and changes when the 

magnetic field applied in the opposite direction.
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The propagating form of SMPs is not strict to plane SPs. 

They can also propagate in other forms, e.g., Airy wave 

packets. Airy SPs can propagate on a metal surface with 

intriguing properties of non-diffracting, asymmetric field 

profile, self-bending, and self-healing. It is first proposed 

theoretically by Salandrino and Christodoulides [65], and 
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realized experimentally by different ways [66, 67]. In 2012, 

Hu et  al. proposed analytically that Airy SMPs are sup-

ported on semiconductor planes [68]. Furthermore, the 

external magnetic field can manipulate the self-deflec-

tion property of the Airy SMPs by tuning the wave vector 

of SMPs, as shown in Figure 4. They found that when a 

magnetic field is applied, the ballistic trajectory of the 

Airy SMPs can be tuned depending on the direction of the 

applied magnetic field due to the nonreciprocal effect.

3   Surface magneto plasmons 

in slot waveguides and their 

applications

In order to tune the SPs confinement, plasmonic slot 

waveguide consisting of an insulator with subwavelength 

thickness sandwiched by two metal slabs are proposed 

and studied for achieving high confinement. This struc-

ture is also widely applied for SMPs. The slot waveguides 

for SMPs can be divided into two structures: symmetric 

(the two semiconductor slabs are same) and asymmetric 

structures (the two semiconductor slabs are different), as 

shown in Figure 5A and B. The SMPs dispersion of these 

two structures are expressed by
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respectively, where ε
m

 is the insulator permittivity, ε
m

 and 

ε
V
 are the dielectric constants of the two semiconductor 

slabs, respectively. An intriguing feature of Eq. (6) is that 

the nonreciprocal effect is only found in the asymmetric 

structure. The dispersion relations of these two structure 

are plotted in Figure 5C and D. It can be found that although 

the dispersion curve is reciprocal in the symmetric 
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p
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field distribution in the slot waveguide for the higher and lower bands, respectively. (D) SMPs dispersion of the asymmetric structure with 

(ω
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 = ω

p
) the magnetic field.

structure, the lower and higher mode distributions are not 

the same, which is shown in the inset of Figure 5C. For the 

asymmetric structure, the nonreciprocal effect is reflected 

by that the forward propagating and backward propagat-

ing SMPs have different cutoff frequencies.

Several kinds of plasmonic IR devices based on the 

slot SMPs have been proposed in recent years. The sym-

metric structure are often used for design of magnetic-

field tunable devices. For example, periodically arranged 

slot waveguides can be used as tunable filters. At first, 

this kind of filters were made of semiconductor gratings 

with subwavelength slits [69–73]. By changing the exter-

nal magnetic fields, the propagation of SMPs in the slits 

is modulated, which leads to the shift of the transmission 

peak, as shown in Figure 6A and B. In 2013, a terahertz 

(THz) wave filter consists of Bragg grating structure is pro-

posed [71]. Both magnetic field tuning and high Q-value 

was able to be realized (Figure 6C).

Another kind of tunable devices are phase modula-

tors. A tunable planar plasmonic slit lens (PSL) was pro-

posed in 2011 [74]. PSLs are often used to realize integrated 

optical collimators, consisting of a metallic slab, perfo-

rated with several well-designed nano-slits with various 

widths, thicknesses or material compositions. When a 

light wave propagates through these slits, it has different 

phase retardations. Therefore, focus of light can be real-

ized by adjusting the materials and geometric parameters 

of the slits through the phase control. Compared to other 

plasmonic lenses, PSLs have relatively simple structures, 

which can be easily fabricated. In addition, it has a better 

design flexibility because traditional diffraction optics 

theory, e.g., some iteration algorithms, can be applied 

to obtain the desired slit parameters. By replacing the 

metal with semiconductor, a tunable THz lens was well 

designed. With the intensity of the external magnetic field 

increased to 1 Tesla, the focal length was tuned by 3 λ, 

which is shown in Figure 7.

Compared with SPs, which have only one propagat-

ing band, SMPs have two bands, providing a possibility of 

realizing broad band devices. For example, a broad band 

IR slow light waveguide. Slow-light technology introduces 

a wealth of applications in telecommunications, data 

processing, and light-matter interactions recently. Com-

pared with traditional electronic approaches, Plasmonic 

approaches are easy to achieve on-chip devices due to 

its subwavelength confinement of electromagnetic (EM) 
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fields. However, most slow light systems are not tunable 

so far, especially in the IR frequency region. Hu et al. pre-

sented a magnetic-field tunable THz slow-light system 

based on SMPs in a semiconductor-insulator-semiconduc-

tor (SIS) structure [75]. In this system, the group velocity 

of the slowed-down THz wave can be tuned by the exter-

nal magnetic field (Figure 8). More importantly, due to 

the existence of two SMPs bands, especially the higher 

band, the proposed system has a very broad tunable band-

width. They showed that when the external magnetic field 

increases from 0 to 6 Tesla, a monochromatic THz wave in 

a range of [0.3, 10] THz can be slowed down in a lossless 

InSb-air-InSb structure. Interestingly, with the increase of 

the magnetic fields, the velocity of the THz wave deceases 

for the lower band, while that of the THz wave increase for 

the higher band.

Because the SMPs in asymmetric slot structure have 

the nonreciprocal effect, this structure is usually applied 

in one-way EM wave systems. In a One-way-propagating 

waveguide, light waves can only propagate in the forward 

or the backward directions, thus it is of particular impor-

tance for isolators, switches and splitters. One method 

to realize one-way plasmonic devices are based on inter-

ference of SPs [76]. This effect is strongly sensitive to 

geometric structure variations. Another approach is by 

the nonreciprocal effect of SMPs under an external mag-

netic field. The dispersions of the forward and backward 

propagating SMPs terminate at different cut-off frequen-

cies, making it possible to realize an absolute one-way 

plasmonic waveguide. One IR one-way sub-wavelength 

plasmonic waveguide was reported in 2012 [77]. The wave-

guide is composed of an Au-dielectric-InSb structure as 
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depicted in Figure 9(A). From the dispersion curves of 

the lower band of SMPs (Figure 9B), it can be seen that 

without the magnetic field, the dispersion curves are sym-

metric. While, when magnetic field is applied, the disper-

sion curves of the two propagating waves are different. 

The forward-propagating mode vanishes at a frequency 

of ω/ω
p
 = 0.59, while the backward propagating mode van-

ishes at a higher frequency of ω/ω
p
 = 0.61. This means that 

the THz waves in the frequency region of ω/ω
p
 = [0.59, 0.61] 

(corresponding to f = [1.18, 1.23] THz) can only propagate 

backwards. The simulations verified the one-way effect 

(Figure 9C and D). By this one-way waveguide, a T-shape 

plasmonic switch was designed, depending on the direc-

tion of the applied magnetic field (Figure 9C and D).

Based on the one-way waveguide, some other one-way 

devices were proposed. Fan et al. designed a THz isolator 

consisting of a metallic slab and periodic semiconductor 

pillars [78]. The operating frequency of the isolator can be 

broadly tuned from 1.4 to 0.9 THz by changing the exter-

nal magnetic field from 0.6 to 1.6 Tesla at 195 K. They also 

proposed a nonreciprocal PSL based on the asymmet-

ric slot waveguide [79], by which the focus can be only 

found for the forward propagating IR waves, as shown in 

Figure 10. This device combines the properties of lenses 
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Figure 10: A one-way plasmonic slit lens (PSL) (from [79]). (A) and (B): Schematic structure of the lens. It consists of many asymmetric slot 

waveguide units. Each unit is composed of metal, air and InSb. (C) and (D): Forward and backward power flow distributions through the PSL.

and filters, which could be applied in THz imaging and 

communications.

4   Surface magneto plasmons on a 

2D material-graphene

Although plasmonic devices based on SMPs can be real-

ized by semiconductors, most magnetic field-tunable 

devices are designed for THz frequencies, because only in 

this regime, the plasma frequency, the cyclotron frequency 

and incident frequency are comparable for most semicon-

ductors, thus the effect of the SMPs can be observed. Are 

we able to design SMPs devices in the mid-IR frequencies? 

This problem would be solved by a new material – gra-

phene. Graphene is a rapidly rising star on the horizon of 

materials science, condensed-matter physics, electronics 

and photonics [80, 81]. It is a flat monolayer of carbon 

atoms tightly packed into a two-dimensional (2D) honey-

comb lattice (Figure 11A), which had been presumed not 

to exist in the free state [82], until it was first produced by 

micromechanical exfoliation of graphite in 2004 [83, 84]. 

The 2D honeycomb lattice of graphene leads to a rather 

unique band structure. In the absence of doping, conduc-

tion and valence bands of graphene touch at six so-called 

Dirac points (Figure 11B) [85, 86], which is also the posi-

tion of the Fermi energy. For low energies, the dispersion 

around the Dirac point is linear, in which the graphene 

charge carriers are indeed massless Dirac fermions. Hence 

graphene has many unusual physical properties, such as 

a “minimum” conductivity of ∼4e2/h even when the carrier 

concentration tends to zero [80]. Another intriguing prop-

erty of graphene band structure is that it can be controlled 

by the chemical potential (µ, also Fermi level E
F
) through 

chemical doping or electrical gating (Figure 11C).

The unique structure also gives graphene attractive 

photonic properties, including the outstanding carrier 

mobility, the good trans-conductance, and the ultimate 

thinness and stability [85], which enables graphene a good 

photonic material. In plasmonics, it has been proved that 

graphene has appealing properties including extreme con-

finement, tunability, crystallinity, and supporting both TM 

and TE modes [87]. Besides the unique properties, similar 

to the metal SPPs, the propagation of graphene SPPs is 

also able to be engineered by surface structures.

In the presence of a magnetic field perpendicular to 

a 2D graphene sheet, the resonances originating from the 
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cyclotron effect in the classical regime and the inter-Lan-

dau-level transitions in the quantum regime could lead 

to a strong Faraday rotation, which can be used for fast 

tunable ultrathin magneto-optical devices [88, 89]. Fur-

thermore, the massless free carriers in graphene result in 

non-equidistant Landau levels (LLs) and specific electron-

electron excitations (Figure 12A). These non-equidistant 

Landau levels make that the dispersion curve of the SMP 

mode splits into a series of branches. The dispersion of the 

SMP propagating on a single layer graphene was first given 

by Ferreira et al. [90]. They found that that graphene sup-

ports not only SMP modes, but also a sequence of weakly 

decaying modes called quasi-transverse-electric modes, 

which correspond to the TE mode without the magnetic 

fields (Figure 12B). In addition all these modes are tunable 

by changing the magnetic field or the Fermi energy. SMPs 

propagating in the structure of double layer graphene are 

then studied by Hu et al. [91]. Compared with the structure 
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of single layer graphene, SMPs in double layer graphene 

have two modes: symmetric and antisymmetric modes 

(Figure 12C and D). Although the magnetic field has little 

effect on the coupling of the symmetric and antisym-

metric modes, the decoupling of these two modes can be 

achieved by varying the doping levels of the two graphene 

layers.

5  Conclusions

In this paper, we give a brief review on SMPs in the IR fre-

quencies. Because of the lower incident frequency and 

cyclotron frequency, SMP devices are mostly made of 

semiconductors. First, the SMPs on a plane semiconduc-

tor surface, in symmetric and asymmetric slot waveguide 

are reviewed. We also give the applications of SMPs based 

on their unique and intriguing properties, such as the 

nonreciprocal effect, two propagating bands, and tunabil-

ity by an external magnetic field, which show SMPs have 

great opportunities in applications of tunable plasmonic 

devices. Although the development of SMPs still has some 

challenges, including large losses and requiring strong 

magnetic fields, with the rapid development of plasmonic 

research SMPs may open a new avenue for manipulating 

lights in subwavelength range in the IR range.
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